Introduction
Huntington's disease (HD) is a progressive neurodegenerative disorder characterized by motor disturbance, cognitive loss, and psychiatric manifestations (Martin and Gusella, 1986) . It is inherited in an autosomal dominant fashion and affects -1 in 10,000 individuals in most populations of European origin . The hallmark of HD is a distinctive choreic movement disorder that typically has a subtle, insidious onset in the fourth to fifth decade of life and gradually worsens over a course of 10 to 20 years until death. Occasionally, HD is expressed in juveniles, typically manifesting with more severe symptoms including rigidity and a more rapid course. Juvenile onset of HD is associated with a preponderance of paternal transmission of the disease allele. The neuropathology of HD also displays a distinctive pattern, with selective loss of neurons that is most severe in the caudate and putamen. The biochemical basis for neuronal death in HD has not yet been explained, and there is consequently no treatment effective in delaying or preventing the onset and progression of this devastating disorder.
The genetic defect causing HD was assigned to chromosome 4 in 1983 in one of the first successful linkage analyses using polymorphic DNA markers in humans (Gusella  D  D  DD  D  D  500 kb  ii  :  44  4  ss  s  i  A  1  19  1  8" I I Figure 1 . Long-Range Restriction Map of the HD Candidate Region A partial long-range restriction map of 4~16.3 is shown (adapted from Lin et al. 119911) . The HD candidate region determined by recombination events is depicted by hatched bars between D4SiO and D4S98. The portion of the HD candidate region implicated as the site of the defect by linkage disequilibrium haplotype analysis is shown as a closed bar. Below the schematic map, the region from D4S780 to D4S182 is expanded to show the cosmid contig (averaging 40 kb per cosmid L142C5 have been used in HD families. The positions of 045727 and D4S95, which form the core of 4 1 n -haplotype in the region of maximum disequilib-IT15 IT11 ITlOC3 ADDA rium, are also shown in the cosmid contig. Restriction sites are given for Notl (N), Mlul (M), and Nrul (R). Sites displaying complete digestion are shown in boldface, while sites subject to frequent incomplete digestion are shown as lighter symbols. Brackets around the N symbols indicate the presence of additional clustered Notl sites. et al., 1983) . Since that time, we have pursued a location cloning approach to isolating and characterizing the HD gene based on progressively refining its localization (Gusella, 1989 . Among other work, this has involved the generation of new genetic markers in the region by a number of techniques (Pohl et al., 1988; Whaley et al., 1991; MacDonald et al., 1989a) , the establishment of genetic (MacDonald et al., 1989b; Allitto et al., 1991) and physical maps of the implicated regions (Bucan et al., 1990; Doucette-Stamm et al., 1991; Altherr et al., 1992) , the cloning of the 4p telomere of an /-/D chromosome in a yeast artificial chromosome clone (Bates et al., 1990; Youngman et al., 1992) , the establishment of yeast artificial chromosome and cosmid (S. B. et al., unpublished data) contigs of the candidate region, as well as the analysis and characterization of a number of candidate genes from the region (Thompson et al., 1991; Taylor et al., 1992; Ambroseet al., 1992; M. P. D. et al., submitted) . Analysis of recombination events in HD kindreds has identified a candidate region of 2.2 Mb, between D4SlO and D4S98 in 4~16.3, as the most likely position of the HD gene (MacDonald et al., 1989b; Bateset al., 1991; Snell et al., 1992) . Investigations of linkage disequilibrium between HD and DNA markers in 4~16.3 (Snell et al., 1989; Theilman et al., 1989) have suggested that multiple mutations have occurred to cause the disorder . However, haplotype analysis using multiallele markers has indicated that at least one-third of HD chromosomes are ancestrally related . The haplotype shared by these HD chromosomes indicates that a 500 kb segment between D4S780 and D4S782 is the most likely site of the genetic defect.
Targeting this 500 kb region for saturation with gene transcripts, we have used exon amplification as a rapid method for obtaining candidate coding sequences (Buckler et al., 1991) . This strategy has previously identified three genes: the a-adducin gene (ADDA) and a putative novel transporter gene (ITlOC3) in the distal portion of this segment (M. P. D. et al., submitted), and a novel G protein-coupled receptor kinase gene (IT1 1) in the central portion . However, no defects implicating any of these genes as the HD locus have been found. We have now applied the exon amplification approach to the proximal portion of the 500 kb segment. We have identified a large gene, IT15 spanning -210 kb, that encodes a previously undescribed protein of -348 kd. The IT1 5 reading frame contains a polymorphic (CAG), trinucleotide repeat with at least 17 alleles in the normal population, varying from 11 to 34 CAG copies. On HD chromosomes, the length of the trinucleotide repeat is substantially increased, to a range of 42 to over 66 copies, and shows an apparent correlation with age of onset, the longest segments being detected in juvenile HD cases. The instability in the length of the repeat is reminiscent of similar trinucleotide repeats in the fragile X syndrome and in myotonic dystrophy (Suthers et al., 1992) . The presence of an unstable, expandable trinucleotide repeat on HD chromosomes in the region of strongest linkage disequilibrium with the disorder suggests that this alteration underlies the dominant phenotype of HD and that IT15 encodes the HD gene.
Results
Application of Exon Amplification to Obtain Trapped, Cloned Exons The HD candidate region defined by discrete recombina- Results of the hybridization of IT15A to a Northern blot of RNA from normal (lane 1) and HD homozygous (lanes 2 and 3) lymphoblasts are shown. A single RNA of -11 kb was detected in all three samples, with slight apparent variations being due to unequal RNA concentrations. The HD homozygotes are independent, deriving from an American family (lane 2) and the large Venezuelan family (lane 3), respectively. The Venezuelan HD chromosome has a 4~16.3 haplotype of 5 2 2 defined by a (GT). polymorphism at D4S727and variable number tandem repeat and Taql restriction fragment length polymorphisms at D4S95. The American homozygote carries the most common 4~16.3 haplotype found on HD chromosomes: 2 11 1 . tion events in well-characterized families spans 2.2 Mb between D4SlO and D4S98 as shown in Figure 1 . The 500 kb segment between D4SlBO and D4S182 displays the strongest linkage disequilibrium with HD, with about one-third of disease chromosomes sharing a common haplotype, anchored by multiallele polymorphisms at 048127 and D4S95 . We have isolated 64 overlapping cosmids, spanning -480 kb from D4S180 to a location between D4S95 and D4S182, by a combination of information from yeast artificial chromosome and cosmid probe hybridita-tion to high density filter grids of a chromosome 4-specific library, as well as of additional libraries covering this region. Sixteen of these cosmids providing the complete contig are shown in Figure 1 . We have previously used exon amplification to identify ADDA, ITlOC3 (a novel putative transporter gene), and IT1 1 (a novel G protein-coupled receptor kinase gene) in the region distal to 048727 ( Figure 1) .
We have now applied the exon amplification technique to cosmids from the region of the contig proximal to 048727. This procedure produces trapped exon clones, which can represent single exonsor multiple exons spliced together, and is an efficient method for obtaining probes for screening cDNA libraries. Individual cosmids were processed, yielding nine exon clones in the region from cosmids L13489 to L181BlO.
Identification of the IT15 Gene
Two nonoverlapping cDNAs were initially isolated using exon probes. IT15A was obtained by screening a transformed adult retinal cell cDNA library with exon clone DL118F5-U. IT16A was isolated by screening an adult frontal cortex cDNA library with a pool of three exon clones, DL83D3-8, DL83D3-1, and DL228B6-3. By Northern blot analysis, we discovered that IT15A and IT16A both detected an -10-l 1 kb transcript, suggesting that they derive from the same mRNA. Figure 2 shows an example of a Northern blot containing RNA from lymphoblastoid cell lines representing a normal individual and two independent homozygotes for HD chromosomes of different haplotypes. The same -1 O-l 1 kb transcript was also detected in RNA from a variety of human tissues (liver, spleen, kidney, muscle, and various regions of adult brain).
IT15A and IT16A were used to "walk" in a number of human tissue cDNA libraries in order to obtain the fulllength transcript. Figure 3 shows a representation of five cDNA clones that define the IT1 5 transcript, under a sche- An U, and DL134BSlJ4. The composite sequence was derived as follows. From 22 bases 3' to IT15A the putative initiator Met ATG, the sequence was compiled from the cDNA clones and exons shown. There are 9 bases of sequence intervening between the 3'end of IT168 and the 5'end of IT158. These were identified by PCR amplification of first-strand cDNA and sequencing of the PCR product. At the 5' end of the composite sequence, the cDNA clone IT16C terminates 27 bases upstream of the (CAG),. However, when IT16C was identified, we had already generated genomic sequence surrounding the (CAG), in an attempt to generate new polymorphisms. This sequence matched the IT16C sequence and extended it 337 bases upstream, including the apparent Met initiation codon. TCClTCCACCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCMCAGCCGCCACCGCCGCCGCCGCCGCCGCCGCClCCTCAGCTTCCTCAG 16 s f Q pp p P pa Q Q p a p P Q p 0 pa P P PP P P P P P P P P P P P P P L P P 48, CCGCCGCCGCAGGCACAGCCGCTGCTGCC,CAGCCGCAGCCGCCCCCGCCGCCGCCCCCGCCGCCACCCGGCCCGGC~G~GGCT~GGAGCCGCTGCACCGACC~G~GMCT~TCA 56 P P P PA P P L L P P P Q P P P P P P P P P PG PA" A E E P L H R P Y K E L S 60, GCTACCMGAAIGACCGTGTWTCA,TG,C,WCMTATGT~CATAGTGGCACAGTCTG,CACIM,lC,CCAGM,,TCA~CT,C,GGGCATCGC,A,G~C,TTTTCTG 96 A, K YD R" N H C L 1 ICE N I" A a S" P N S P E F P K L L G I A II E L F L 72, C,G,GCAG,W,GACCCAGAGTCA~TG,CAGW,GG,GGC,CICUJTGCC,CMC*MGT~A,C~GC,,,~,GWT,CTU,CT,CCMGGT,ACAGC~CGAGC~CTATUGGAA 136 The composite DNA sequence of IT15 is shown. The predicted protein product is shown below the DNA sequence, based on the assumption that translation begins at the first in-frame methionine of the long open reading frame.
matic of the composite sequence derived as described in the figure legend. Figure 3 also displays the locations on the composite sequence of the nine trapped exon clones. The composite sequence of IT15 containing the entire predicted coding sequence, spans 10,366 bases, including a tail of 18 A's as shown in Figure 4 . An open reading frame of 9432 bases begins with a potential initiator methionine codon at base 316, located in the context of an optimal translation initiation sequence. An in-frame stop codon is located 240 bases upstream of this site. The protein product of IT15 is predicted to be a 348 kd protein containing 3144 amino acids. Although we have chosen the first Met codon in the long open reading frame as the probable initiator codon, we cannot exclude the possibility that translation does not actually begin at a more 3' Met codon, producing a smaller protein.
Polymorphic Variation of the (CAG). Trinucleotide Repeat Near its 5' end, the IT1 5 sequence contains 21 copies of the triplet CAG, encoding glutamine ( Figure 5 ). When this sequence was compared with our collection of genomic sequences surrounding simple sequence repeats in 4~16.3, we found that normal cosmid L191 Fl had 18 copies of the triplet, indicating that the (CAG), repeat is polymorphic ( Figure 5 ). We chose primers from the genomic sequence flanking the repeat to establish a polymerase chain reaction (PCR) assayforthisvariation.
In the normal population, this simple sequence repeat polymorphism displays at least 17 discrete alleles, ranging from about 11 to 34 repeat units (Table 1) . Ninety-eight percent of the 173 normal chromosomes tested contained repeat lengths between 11 and 24 repeats. Two chromosomes were detected in the 25-30 repeat range and 2 normal chromosomes had 33 and 34 repeats, respectively. The overall heterozygosity on normal chromosomes was 80%. We presume, based on sequence analysis of three clones, that the variation is based entirely on the (CAG),, but we cannot exclude the potential for variation of the smaller downstream (CCG),, which is also included in the PCR product.
Instability of the Trinucleotide Repeat on HD Chromosomes Sequence analysis of cosmid GUS72-2130, derived from a chromosome with the major HD haplotype (see below), revealed 48 copies of the trinucleotide repeat, far more than the number of copies in the largest normal allele (Figure 5) . When the PCR assay was applied to HD chromosomes, a pattern strikingly different from the normal variation was observed. HD heterozygotes contained one discrete allelic product in the normal size range and one PCR product of much larger size, suggesting that the (CAG), repeat on HD chromosomes is expanded relative to normal chromosomes. Figure 6 shows the patterns observed when we performed the PCR assay on lymphoblast DNA from a selected nuclear family in a large Venezuelan HD kindred. In this family, DNA marker analysis has shown previously that the HD chromosome was transmitted from the father DNA sequence shown in panels 1,2, and 3 demonstrates the variation in the (CAG), repeat detected in normal cosmid L191Fl (1) cDNA IT16C (2). and HD cosmid GUS72-2130. Panels 1 and 3 were generated by direct sequencing of cosrnid subclones using the primer 5'-GGCGGGAGACCGCCATGGCG-3'.
Panel 2 was generated using the pBSKll T7 primer 5'-AATACGACTCACTATAG-3'. (lane 2) to seven children (lanes 3, 5, 6, 7, 8, 10, and 11). The three normal chromosomes present in this mating yielded a PCR product in the normal size range (ANI, AN2, and AN3) that was inherited in a Mendelian fashion. The HD chromosome in the father yielded a diffuse, fuzzy PCR product slightly smaller than the 48 repeat product of our non-Venezuelan HD cosmid. Except for the DNA in lane 5, which did not PCR amplify, and in lane 11, which displayed only a single normal allele, each of the affected children's DNAs yielded a PCR product of a different size (AE), indicating instability of the HD chromosome (CAG), repeat. Lane 6 contained an HD-specific product slightly smaller than or equal to that of the father's DNA. Lanes 3, 7, 10, and 8, respectively, contained HD-specific PCR products of progressively larger size. The absence of an HD-specific PCR product in lane 11 suggested that this child's DNA possessed a (CAG), repeat that was too long to amplify efficiently. This was verified by Southern blot analysis in which the expanded HD allele was easily detected and estimated to contain up to 100 copies of the repeat. Notably, this child had juvenile onset of HD at the very early age of 2 years. The onset of HD in the father was when he was in his early 40s typical of most adult HD patients in this population. The onset ages of the children represented by lanes 3, 7, 10, and 8 were 26, 25, 14, and 11 years, respectively, suggesting a rough correlation between age at onset of HD and the length of the (CAG), repeat on the HD chromosome. In keeping with this trend, the offspring represented in lane 6 with the fewest repeats has reached adulthood without showing symptoms of the disorder. Figure 7 shows PCR analysis for a second sibship from the Venezuelan pedigree, in which both parents are HD heterozygotes carrying the same HD chromosome based on DNA marker studies. Several of the offspring are /-ID homozygotes (lanes 6 and 7, 10 and 11, 13 and 14, 17 and 18, 23 and 24) as reported previously (Wexler et al., 1987) . Each parent's DNA contained 1 allele in the normal range (AN1 and AN2), which was transmitted in a Mendelian fashion. The /-/D-specific products (AE) from the DNA of both parents and children were all much larger than the normal allelic products and also showed extensive variation in mean size. We have not provided a neurologic diagnosisfor theoffspring in this pedigree to maintain the blind status of investigators involved in the ongoing Venezuela HD Project, although age of onset again appears to parallel repeat length. Paired samples under many of the individual symbols represent independent lymphoblast lines initiated at least 1 year apart, The variance between paired samples was not as great as between the different individuals, suggesting that the major differences in size of the PCR products resulted from meiotic transmission. Of special note is the result obtained in lanes 13 and 14. This HD homozygote's DNA yielded one PCR product larger and one smaller than the HD-specific PCR products of both parents.
To date, we have tested 75 independent HD families, representing all different haplotypes reported by MacDonald et al. (1992) and a wide range of ethnic backgrounds. In all 75 cases, a PCR product larger than the normal size range was produced from the HD chromosome. The sizes of the HD-specific products ranged from 42 repeat copies to more than 66 copies, with a few individuals failing to yield a product because of the extreme length of the repeat. In these cases, Southern blot analysis revealed an increase in the length of an EcoRl fragment, with the largest allele approximating 100 copies of the repeat. Figure 8 shows the variation detected in members of an American family of Irish ancestry in which the major HD haplotype is segregating. Cosmid GUS72-2130 was cloned from the HD homozygous individual whose DNA was amplified in lane 2. As was observed in the Venezuelan HD pedigree (Figures 6 and 7) , which segregates the disorder with a different 4~16.3 haplotype, the HD-specific PCR products for this family display considerable size variation.
New Mutations to ND?
The mutation rate in HD has been reported to be very low. To test whether the expansion of the (CAG), repeat is the mechanism by which new HD mutations occur, we have examined two pedigrees with sporadic cases of HD in which intensive searching failed to reveal a family history of the disorder. In thesecases, wegathered pedigree information sufficient to identify the same chromosomes in both the affected individual and unaffected relatives. Figure 9 shows the results of PCR analysis of the (CAG), repeat in these families. The chromosomes in each family were assigned an arbitrary number based on typing for a large number of restriction fragment length polymorphism and simple sequence repeat markers in 4~16.3 defining distinct haplotypes; the presumed HD chromosome is starred. In family 1, HD first appeared in individual 11-3, who transmitted the disorder, along with chromosome 3*, to Ill-l. This same chromosome was present in 11-2, an elderly unaffected individual. PCR analysis revealed that chromosome 3* from II-2 produced a PCR product at the extreme high end of the normal range (-36 CAG copies). However, the (CAG), repeat on the same chromosome in II-3 and Ill-l had undergone sequential expansions to -44 and -46 copies, respectively. A similar result was obtained in family 2, where the presumed new HD mutant Ill-2 had a considerably expanded repeat relative to the same chromosome in II-1 and Ill-1 (-49 versus -33 CAG copies). In both families 1 and 2, the ultimate HD chromosome displays the marker haplotype characteristic of one-third of all HD chromosomes, suggesting that this haplotype may be predisposed to undergoing repeat expansion.
Discussion
The discovery of an expanded, unstable trinucleotide repeat on HD chromosomes suggests that the long-sought HD gene has at last been uncovered and that the disorder constitutes an example of a mutational mechanism that may prove quite common in human genetic disease. Elongation of a trinucleotide repeat sequence has been implicated previously as the cause of three quite different human disorders, the fragile X syndrome, myotonic dystrophy, and spino-bulbar muscular atrophy. Our initial observations of repeat expansion in HD indicate that this phenomenon shares features with each of these disorders.
In the fragile X syndrome, expression of a constellation of symptoms, including mental retardation and a fragile A I.
II.
III. B I.
III. Individualsin each pedigree are numbered by generation (roman numerals) and order rn the site at Xq27.3, is associated with expansion of a (CGG), repeat thought to be in the 5' untranslated region of the FMR7 gene Kremer et al., 1991; Verkerk et al., 1991) . In myotonic dystrophy, a dominant disorder involving muscle weakness with myotonia that typically presents in early adulthood, the unstable trinucleotide repeat, (CTG),, is located in the 3' untranslated region of the myotonin protein kinase gene (Aslanidis et al., 1992; Brook et al., 1992; Fu et al., 1992; Harley et al., 1992a; Mahadevan et al., 1992) . The unstable (CAG), repeat in HD may be within the coding sequence of the IT15 gene, a feature shared with spino-bulbar muscular atrophy, an X-linked recessive adult-onset disorder of the motor neurons caused by expansion of a (CAG), repeat in the coding sequence of the androgen receptor gene (LaSpada et al., 1991) . The repeat length in both the fragile X syndrome and myotonic dystrophy tends to increase in successive generations, sometimes quite dramatically. Occasionally, decreases in the average repeat lengthareobserved (Fu etal., 1991; Yuetal., 1992; Bruner et al., 1993) . The HD trinucleotide repeat is also unstable, usually expanding when transmitted to the next generation, but contracting on occasion. In HD, as in the other disorders, change in copy number occurs in the absence of recombination. Compared with the fragile X syndrome, myotonic dystrophy, and HD, the instability of the disease allele in spino-bulbar muscular atrophy is more limited, and dramatic expansions of repeat length have not been seen (Biancalana et al., 1992) .
Expansion of the repeat length in myotonic dystrophy is associated with a particular chromosomal haplotype, suggesting the existence of a primordial predisposing mutation (Harley et al., 1991 (Harley et al., , 1992a Ashizawa, and Epstein, 1991) . In the fragile X syndrome, there may be a limited number of ancestral mutations that predispose increases in trinucleotide repeat number Oudet et al., 1993) . The linkage disequilibrium analysis used to home in on IT15 indicates that there are several haplotypes associated with HD, but that at least one-third of HD chromosomes are ancestrally related . These data, combined with the reported low rate of new mutation to HD (Harper, 1992) , suggest that expansion of the trinucleotide repeat may only occur on select chromosomes. Our analysis of two families in which new mutation was supposed to have occurred is consistent with the view that there may be particular normal chromosomes that have the capacity to undergo expansion of the repeat into the HD range. In each of these families, a chromosome with a (CAG), repeat length in the upper end of the normal range was segregating on a chromosome pedigree. Triangles are used to protect confidentiality. Closed symbols indicate symptomatic individuals. The different chromosomes segregating in the pedigree have been distinguished by extensive typing with polymorphic markers in 4~16.3 and have been assigned arbitrary numbers shown above the gel lanes. The starred chromosomes (chro-mosome3 in [A] and 1 in 161) represent the presumed HDchromosome. AN denotes the range of normal alleles; AE denotes the range of alleles present in affected individuals and in their unaffected relatives bearing the same chromosome. whose 4~16.3 haplotype matched the most common haplotype seen on HD chromosomes, and the clinical appearance of HD in these two cases was associated with expansion of the trinucleotide repeat.
The recent application of haplotype analysis to explore the linkage disequilibrium on HD chromosomes pointed to a portion of a 2.2 Mb candidate region defined by the majority of recombination events described in HD pedigrees . Previously, the search for the gene was confounded by three matings in which the genetic inheritance pattern was inconsistent with the remainder of the family (MacDonald et al., 1989b . These matings produced apparently affected HD individuals despite the inheritance of only normal alleles for markers throughout 4~16.3, effectively excluding inheritance of the HD chromosome present in the rest of the pedigree. Using our PCR assay, we have tested each of these families and find that, like other HD kindreds, an expanded allele generally segregated with HD in affected individuals of all three pedigrees. However, an expanded allele was not present in those specific individuals with the inconsistent 4~16.3 genotypes. Instead, these individuals displayed the normal alleles expected, based on analysis of other markers in 4~16.3. It is conceivable that these inconsistent individuals do not, in fact, have HD, but some other disorder. Alternatively, they might represent genetic mosaics in which the HD allele is more heavily represented and/or more expanded in brain tissue than in the lymphoblast DNA used for genotyping.
It can be expected that the capacity to monitor directly the size of the trinucleotide repeat in individuals "at risk" for HD will revolutionize preclinical testing for the disorder, eliminating the need for complicated linkage analyses, facilitating genetic counseling, and extending the applicability of presymptomatic and prenatal diagnosis to at risk individuals with no living affected relatives. We consider it of the utmost importance that the current internationally accepted guidelines and counseling protocols for testing those at risk continue to be observed, and that samples from unaffected relatives should not be tested inadvertently or without full consent. In our limited initial series of patients, there is an apparent correlation between repeat length and age of onset of the disease, reminiscent of that reported in myotonic dystrophy (Harley et al., 1992b; Tsilfidis et al., 1992) . The largest HD trinucleotide repeat segments were found in juvenile onset cases, where there is a known preponderance of male transmission (Merrit et al., 1969) . More detailed studies will be required to establish whether expansion of the repeat occurs preferentially in transmission from males. It will also be essential to perform acareful analysis of the extent, if any, of overlap between the range of repeat lengths in normal and HD individuals, to evaluate fully the relationship between age of onset and repeat length, and to examine the possibility of somaticvariation in repeat length due to mitotic instability. These studies must be completed before the (CAG), size is used to provide prognostic information to at risk HD individuals.
The expression of fragile X syndrome is associated with direct inactivation of the FMRl gene DeBoulle et al., 1993) . The recessive inheritance pattern of spino-bulbar muscular atrophy suggests that in this disorder an inactive gene product is produced. In myotonic dystrophy, the manner in which repeat expansion leads to the dominant disease phenotype is unknown. There are numerous possibilities for the mechanism of pathogenesis of the expanded trinucleotide repeat in HD. Since Wolf-Hirschhorn patients hemizygous for 4~16.3 do not display features of HD and IT15 mRNA is present in HD homozygotes, the expanded trinucleotide repeat does not cause simple inactivation of the gene containing it. The observation that the phenotype of HD is completely dominant, since homozygotes for the disease allele do not differ clinically from heterozygotes, has suggested that HD results from again-of-function mutation, in which eitherthe mRNA product or the protein product of the disease allele would have some new property or would be expressed inappropriately (Wexler et al., 1987; Myers et al., 1989) . If the expanded trinucleotide repeat were translated, the consequences on the protein product would be dramatic, increasing the length of the poly-glutamine stretch near the N-terminus. It is possible, however, that despite the presence of an upstream Met codon, the normal translational start occurs3'to the (CAG), repeat and there is no poly-glutamine stretch in the protein product. In this case, the repeat would be in the 5' untranslated region and might be expected to have its dominant effect at the mRNA level. The presence of an expanded repeat might directly alter regulation, localization, stability, or translatability of the mRNA containing it, and could indirectly affect its counterpart from the normal allele in HD heterozygotes. Other conceivable scenarios are that the presence of an expanded repeat might alter the effective translation start site for the HD transcript, thereby truncating the protein, or alter the transcription start site for the IT15 gene, disrupting control of mRNA expression. Finally, although the repeat is located within the IT15 transcript, the possibility that it leads to HD by virtue of an action on the expression of an adjacent gene cannot be excluded.
Despite this final caveat, we believe it most likely that the trinucleotide repeat expansion causes HD by its effect, either at the mRNA or protein level, on the expression and/or structure of the protein product of the IT15 gene, which we have named huntingtin. Outside of the region of the triplet repeat, the IT15 DNA sequence detected no significant similarity to any previously reported gene in the GenBank data base. Except for the stretches of glutamine and proline near the N-terminus, the amino acid sequence displayed no similarity to known proteins, providing no conspicuous clues to huntingtin's function. The poly-glutamine and poly-proline regions near the N-terminus indicate similarity to a large number of proteins that also contain long stretches of these amino acids. It is difficult to assess the significance of such similarities, although it is notable that many of these similarities are to DNA-binding proteins and that huntingtin does have a single leucine zipper motif at residue 1443. Huntingtin appears to be widely expressed, yet cell death in HD is confined to specific neurons in particular regions of the brain. Thus, with the mystery of the genetic basis of HD apparently solved, defining the normal function of the huntingtin protein and delineating the mechanism whereby increased trinucleotide repeat length leads to the characteristic neuropathology of HD represent the next challenges in the effort to understand and to treat this devastating disorder.
Experimental Procedures
HD Cell Lines Lymphoblast cell lines from HD families of varied ethnic backgrounds used for genetic linkage and disequilibrium studies (Conneally et al., 1989; MacDonald et al., 1992) have been established in the Molecular Neurogenetics Unit, Massachusetts General Hospital, over the past 13 years. The Venezuelan HD pedigree IS an extended kindred of over 12,000 members, in which all affected individuals have inherited the HD gene from a common founder (Gusella et al., 1983 Wexler et al., 1987) .
DNA and RNA Blotting DNA was prepared from cultured cells, and DNA blots were prepared and hybridized as described (Gusella et al., 1979 (Gusella et al., , 1983 . RNA was prepared and Northern blotting was performed as described by Taylor et al. (1992) .
Construction of Cosmid Contig
The initial construction of the cosmid contig was by chromosome walking from cosmids L19 and BJ58 (Allitto et al., 1991; Lin et al., 1991) . Two libraries were employed, a collection of Alu-positive cosmids from the reduced cell hybrid H39-EC10 (Whaley et al., 1991) and an arrayed flow-sorted chromosome 4 cosmid library (NM87545) provided by the Los Alamos National Laboratory. Walking was accomplished by hybridization of whole cosmid DNA, using suppression of repetitive and vector sequences, to robot-generated high density filter grids (Nizetic et al., 1991; . Cosmids LlC2, L89F7, L228B6, and L83D3 were first identified by hybridization of yeast artificial chromosome clone YGAP to the same arrayed library Baxendale et al., 1991) . HD cosmid GUS72-2130 was isolated by standard screening of a GUS72 cosmid library using a single-copy probe. Cosmid overlaps were confirmed by a combination of clone to clone and clone to genomic hybridizations, single-copy probe hybridizations, and restriction mapping.
cDNA Isolation and Characterization Exon probes were isolated and cloned as described (Buckler et al., 1991) . Exon probes and cDNAs were used to screen human ?ZAPll cDNA libraries constructed from adult frontal cortex, fetal brain, adenovirus-transformed retinal cell line RCA, and liver RNA. cDNA clones, PCR products, and trapped exons were sequenced as described (Sanger et al., 1977) . Direct cosmid sequencing was performed as described (McClatchey et al., 1992) . Data base searches were performed using the BLAST network service of the National Center for Biotechnology Information (Altschul et al., 1990) .
PCR Assay of the (CAG). Repeat Genomic primers flanking the (CAG), repeat are 5'-ATGAAGG-CCTTCGAGTCCCTCAAGTCCTTC3'and 5'-AAACTCACGGTCGGT-GCAGCGGCTCCTCAG-3'.
PCR amplification was performed in a reaction volume of 25 ul using 50 ng of genomic DNA, 5 ug of each primer, 10 mM Tris (pH 8.3) 5 mM KCI, 2 mM MgClz, 200 uM (each) dNTPs, 10% dimethylsulfoxide, 0.1 U of Perfectmatch (Stratagene), 2.5 uici of [32P]dCTP (Amersham), and 1.25 U of Taq polymerase (Boehringer Mannheim). After heating to 94°C for 1.5 min, the reaction mix was cycled according to the following program: 40 cycles of 1 min at 94%, 1 min at 60°C, 2 min at 72'C. Five microliters of each PCR was diluted with an equal volume of 95% formamide loading dye and heat denatured for 2 min at 95%. The products were resolved on 5% denaturing polyacrylamide gels. The PCR product from this reaction using cosmid L191 Fl (CAGla) as the template was 247 bp. Allele sizes wereestimated relative toa DNAsequencing ladder, the PCR products from sequenced cosmids, and the invariant background bands often present on the gel. Estimates of allelic variation were obtained by typing unrelated individuals of largely Western European ancestry, who were normal parents of affected HD individuals from various pedigrees.
